Sudden death syndrome (SDS) of soybean (Glycine max (L.) Merr.) is caused by the fungal organism Fusarium solani (Mart.) Sacc. f. sp. glycines (22) . Aoki et al. (1) have recently shown that SDS is caused by two distinct species within the Fusarium solani complex and have proposed a name change (Fusarium virguliforme O'Donnell & T. Aoki) for the organism causing SDS in North America. However, because this name change has yet to be fully accepted, in this paper, we will continue to refer to F. solani f. sp. glycines as the SDS pathogen.
Screening soybean plants for resistance to F. solani f. sp. glycines currently relies heavily on the severity of foliar symptoms as an indication of plant resistance (7, (10) (11) (12) (13) 16, 17, (24) (25) (26) 29) . Foliar screening studies do not typically involve the evaluation of the root systems, and foliar disease severity ratings do not always correlate well with soybean yield, especially when SDS disease severity is moderate to low (8, 9, 34) . Njiti et al. (20) illustrated that the severity of soybean root rot caused by F. solani f. sp. glycines was important and should be used in combination with foliar symptom severity as an indication of SDS resistance in soybean.
The presence of this fungus on the lateral roots of soybean plants appears to be an important aspect affecting the development of SDS. Rupe (24) isolated F. solani from soybean lateral root sections, epidermal and cortical sections of the taproot, and lower stem sections. The highest frequency (23%) of isolation was from the epidermis of the taproot. The frequency of infection on the lateral roots was 19%. Since most of the soybean root system consists of lateral roots that emerge from the top 10 to 15 cm of the taproot and spread horizontally in the upper 10 cm of soil (18) , SDS most likely results from pathogen infection on portions of the root system that randomly encounter the fungus in the upper 15 cm of soil (27) . Gray and Achenbach (5) also illustrated that the soil inoculum level of F. solani impacted root rot severity, and at high inoculum levels, a greater percentage of lateral and taproots became necrotic. Overall, studies have illustrated the prevalence of the fungus on both lateral roots and taproots; yet a comparison between taproot and lateral root infection has not been made.
Current assays used to study SDS depend on easy and reliable methods for infecting taproots (6,7,10,11,15,17,19,20, 24,29-31). Screening work (6, 7, 19) has demonstrated that most soybean cultivars are susceptible to SDS and develop severe foliar symptoms after taproots are infected in the seedling stage. However, the range of root and foliar symptoms is not clearly defined, as current assays usually expose young seedlings to high doses of inoculum in order to guarantee a response. In addition, assays based on foliar symptoms resulting from taproot infection may not provide the best evaluation of root system resistance. A greenhouse assay that provides a continuum of disease responses, and includes evaluation of root system characteristics, might provide a better assessment of resistance.
It has been shown that a range of resistance/susceptibility reactions to SDS exists among soybean cultivars (7, 17, 26, 30) , and that root resistance to F. solani f. sp. glycines exists (16, 17, 20) . It is not known whether physical characteristics of the soybean root system (root length, volume, surface area, and average diameter) enable the soybean plant to resist colonization or overcome the effects of infection. Overall, the role of roots in the development of SDS is not well documented.
The objectives of this study were to: (i) determine whether root characteristics (length, surface area, volume, and average diameter) are correlated with SDS resistance levels of 12 commercial soybean cultivars, (ii) illustrate whether location (taproot versus lateral roots) of infection impacts SDS development, and (iii) develop an assay that provides a continuum of foliar and root disease responses that can be used in screening soybean plants for resistance to SDS.
MATERIALS AND METHODS
Inoculum placement and planting. Two trials of an inoculum placement assay were initiated in the greenhouse on 21 September and 7 December 2001. In each trial, soybean plants were grown in the greenhouse in white, polypropylene 947-ml pots, measuring 14 cm tall, with an upper lip measuring 10.2 cm diameter tapering down to 8.2 cm diameter at the bottom. Four holes were drilled in the bottom of each pot for drainage. Pots were filled with a steam-pasteurized, Torpedo sand:soil (2:1) mix. The soil for the mix belonged to the Drummer/Flanagan soil series. The pH values for the sand and soil were approximately 6.1 and 5.8, respectively. Soil was mixed with the pathogen 1 day prior to planting at a rate of 40 ml of ground sorghum (Sorghum bicolor (L.) Moench) inoculum to 4.5 kg of soil, which resulted in an inoculum concentration of approximately 10,000 CFU/g of soil. The Monticello isolate (Mont-1) of F. solani f. sp. glycines (6, 10, 19) was grown on sorghum in the lab under sterile conditions following the procedure of Hartman et al. (6) . Prior to mixing with the soil, the colonized sorghum seed was dried and ground using a Reitz Disintegrator (Rietz Co., Westchester, PA) with a 3/32-mesh screen that produced a coarse flour.
Black plastic tubes (4 cm diameter and 15 cm long) were used to separate each pot into a central inner (taproot) core and an outer (lateral root) region during the planting phase. One tube was used for each treatment to avoid contamination during planting. A layer of noninfested, pasteurized soil, approximately 1.3 cm in depth, filled the bottom of each pot to prevent cross-contamination of the inner core and the outer region during planting. The tube opening was covered with a plastic beaker and centered in the pot before approximately 990 g of infested or noninfested soil was carefully added to the outer region around the tube. The beaker cover was removed from the tube, and a funnel was used to fill the tube with approximately 140 g of infested or noninfested soil, taking care not to let any soil fall into the outer area of the pot. When the soil was in place, the tube was gently pulled up and out of the pot. Two soybean seeds were planted to a depth of 1.3 cm in the center core area of the pot. Seeds were covered with 1.3 cm of noninfested soil. Twelve SDS-susceptible and -resistant soybean cultivars, representing maturity groups 2.9 to 3.7, were used based on commercial availability and on suggestions from seed companies ( Table 1) .
Pots were arranged in a completely randomized design on a greenhouse bench under 1,000-W high-pressure, sodium vapor lights (156 µE·s -1 ·m -2 ) providing 16 h of daylight. Temperature was maintained at 25 ± 3°C during the day and 22 ± 3°C for the 8-h dark period. Plants were watered as necessary to maintain adequate soil moisture. Spacing of the pots on the bench and a layer of noninfested soil covering the seeds prevented movement of the pathogen from splashing soil during overhead watering. Plants were thinned to one per pot after emergence. Treatments for the inoculum placement assay were: (i) noninfested soil in both the inner core and outer region (control 1), (ii) infested soil in the inner core with noninfested soil in the outer region to promote taproot infection (inner core), (iii) noninfested soil in the inner core with infested soil in the outer region, to promote lateral root infection (outer region), and (iv) noncolonized ground sorghum mixed with soil in the outer region with the inner core filled with noninfested soil (control 2). Each treatment in each trial had five replicates per cultivar. Each trial ended 30 days after planting.
A preliminary inoculum placement assay was conducted using an inoculum rate of 80 ml per 4.5 kg of soil. This experiment used the previously described procedure for mixing soil and filling pots, and included the treatments mentioned above. It also included an additional control treatment with infested ground sorghum mixed with soil in the inner core and noninfested soil in the outer region.
Foliar and root ratings. Beginning about 2 weeks after planting, foliar disease severity was evaluated on five dates, every 3 to 4 days, after disease symptoms appeared. Foliar symptom severity was rated using a modified 0 to 5 scale from Hartman et al. (6) : 0 = no symptoms; 1 = 1 to 10% of foliage with light symptoms, mottling or mosaic patterns on leaves; 2 = 11 to 30% of foliage with symptoms, moderate interveinal chlorosis and necrosis; 3 = 31 to 70% of foliage with symptoms, heavy interveinal chlorosis and necrosis; 4 = 71 to 90% of foliage with symptoms, severe interveinal chlorosis and necrosis; 5 = 91 to 100%, dead plants with no foliage.
Foliar ratings were converted to percentages using the midpoint rule (3), and the severity value for each rating category was used to calculate area under the disease progress curve (AUDPC). Because cultivar maturity groups differed, it was decided that AUDPC values would represent disease severity better than severity at a single rating date. AUDPC was calculated using the formula:
in which X i = percent foliar symptom severity at the ith observation, t i = time (days between ratings) for the ith observation, and n = total number of observations (n = 5) (33). Root systems were visually rated immediately after washing by recording the percentage of the root system showing discoloration.
Digital imaging. The upper vegetative portion of the soybean plant was removed just above the uppermost lateral root. Digital root images were acquired with the use of a flatbed scanner (Regent Instruments LA1600, Epson model EU-22) and analyzed using WinRhizo (Ver. 5.0A; Regent Instruments, Quebec, Canada) root analysis software. This method calculated morphological root measurements based on Tennant's (32) statistical line intersect method. Root systems, placed in clear plastic trays and immersed in water, were scanned at 400 dpi with a pixel size of 0.063 mm. Using the automatic Tennant method, all root images were analyzed for root length, volume, surface area, and average diameter (21) .
Movement in soil. An assay was conducted to determine whether the fungus moved within the pots between the infested inner core and the noninfested outer region, or from the infested outer region to the noninfested inner core, during the course of the experiment. The study was repeated three times with three replications. Pots were filled with infested soil in the same manner and using the same treatments described above. A round, plastic stick was inserted into the center of the inner core to mark the center for soil sampling. Treatments were the same as previously described, but soybean seeds were not planted in these pots in order to facilitate removing soil samples. Pots were arranged in a completely randomized design on a greenhouse bench under the lighting and temperature regime previously described. The pots of soil were watered as necessary to maintain adequate soil moisture, using the same watering regime as the assay for plants described previously.
Soil samples were collected 3 days after potting and again 22 to 24 days after potting. A no. 6-diameter cork borer was used to take one soil sample from the inner core area (marked by the plastic inserted stick), and one from the center of the outer region of each pot. Cork borers were washed and disinfested with 70% ethyl alcohol between samples. Soil was allowed to dry for 24 to 72 h. The presence of the pathogen from soil was determined using the dilution and modified plating procedure from Rupe et al. (27) . Plates were incubated at room temperature, and F. solani f. sp. glycines colonies were counted after 7 days. Soil dilutions were plated onto a semiselective medium modified from Rupe et al. (27) . The modified medium consisted of 1 g of KH 2 PO 4 , 1 g of MgSO 4 ·H 2 O, 0.5 g of KNO 3 , 20 g of sucrose, 20 g of Difco Bacto Agar (Becton, Dickinson and Company, Sparks, MD), and 1 liter of distilled deionized water. After autoclaving and cooling to 60°C, pH was adjusted to 4.5 using 85% lactic acid, and 0.25 g of pentachloronitrobenzene (PCNB), 0.10 g of chlorotetracycline, 0.30 g of streptomycin, 0.10 g of neomycin, and 0.05 g of rifampicin were added and mixed thoroughly before pouring. Rifampicin and PCNB were dissolved in 1 ml and 10 ml of 95% ethyl alcohol, respectively.
Verification of fungal movement in root systems. Two trials of an experiment were conducted to verify movement of the fungus from lateral roots to the main taproot. Plants were grown using the previously described protocol, except that only three Lewis cultivars (3552RR, 3556STS, and 372) were used.
Cross-sections of five roots were cut from two positions from each plant's root system. Root locations were the main taproot (uppermost part of the taproot, just below the soil line) and lateral roots (five randomly selected sections, beyond the diameter of the inner core). Root crosssections were washed thoroughly with water, surface-sterilized with 0.5% sodium hypochlorite for 2 min, rinsed in sterile double-distilled water, and dried on a sterile paper towel prior to plating. The root crosssections were placed on the semiselective medium, previously described, and incubated at 24°C for 7 days. The incidence of blue colored colonies of F. solani f. sp. glycines in each root cross-section was counted, and macroconidia of the fungus were identified microscopically (23) .
Data analysis. Both trials of the inoculum placement assay were analyzed using a two-way analysis of variance and covariance. Data were analyzed using Proc MIXED of SAS (SAS Version 8.01, SAS Institute, Cary, NC). Location of the inoculum in the soil (inner core, outer region, control) and the 12 soybean cultivars were designated as the fixed main effects. Repeated trials and the trial by inoculum treatment interaction were designated as random effects. The experimental unit was the individual soybean plant. Fisher's protected least significant difference (LSD, P ≤ 0.05) was used to compare root characteristic differences among cultivars. The CORR procedure of SAS was used to compute correlation coefficients (Pearson) between the root variables length, surface area, volume, average diameter, discoloration, and AUDPC. The univariate procedure of SAS was used to determine that residual error terms for root discoloration data were normally distributed; therefore, percentages were not transformed for use in statistical analysis. The verification of fungal movement assays were analyzed using Proc GLM of SAS.
RESULTS
Inoculum placement. In the preliminary inoculum placement assay, using 80 ml of inoculum per 4.5 kg of soil, soybean roots growing in pots containing soil plus noncolonized ground sorghum in the outer region were discolored. In subsequent trials using 40 ml of inoculum per 4.5 kg of soil, no root discoloration was observed on soybean roots in the noncolonized sorghum control treatment; therefore, this treatment was not included in the results.
When infested treatments (i.e., inner core and outer region) were combined, root length, surface area, and volume for inoculated roots showed a significant (P < 0.0001) negative correlation (r = -0.61, -0.62, and -0.60, respectively) with AUDPC values, but there was no correlation between percent root discoloration and AUDPC.
When inoculation treatments were analyzed separately, root characteristics of plants grown in pots with an infested outer region showed a significant positive correlation between the percent root discoloration rating and AUDPC values (Table 2) . However, plants grown in pots with the inner core containing infested soil showed no significant correlation between AUDPC values and root discoloration ratings. In addition, AUDPC was negatively correlated with root length, surface area, and volume for both treatments, but there was no correlation between AUDPC and average root diameter. In both infested soil treatments, there was a significant negative correlation between root discoloration and root length, surface area, and volume. However, a significant positive association existed between root discoloration and average root diameter. Root characteristics for plants grown in pots with an infested outer region were more highly correlated with root discoloration and AUDPC than were root characteristics for plants grown in pots with an infested inner core.
All soybean cultivars, except Pioneer Variety 9306, Garst D370RR, and Trisoy 3252, had significantly (P ≤ 0.10) higher AUDPC values when inner core soil was infested with F. solani f. sp. glycines, indicating a greater amount of foliar disease symptoms from taproot infection ( Table 3 ). Significant differences in root discoloration were only seen among cultivars when lateral roots were inoculated (outer region).
The 12 cultivars grown in the noninfested control pots had similar root lengths and surface areas (Table 4 ), but significant differences in average root diameter and volume were observed (Table 5) . Root length, surface area, and volume for all cultivars were significantly greater for noninoculated plants than for those grown in either infested soil treatment. No significant differences in root length, surface area, volume, and average diameter were observed among the individual cultivars between each of the infested soil treatments (Tables 4 and 5 ). Significant cultivar differences in volume of roots were observed only when the outer soil region was infested.
Of the 12 cultivars, some showed a differential response to infection by the c Foliar ratings were converted to percentages, using the midpoint rule, and the foliar severity value for each rating category was used to calculate AUDPC using: pathogen and a response to the location of infection, while other cultivars did not (Tables 4 and 5 ). For example, Lewis 3552RR and Lewis 3556STS (commercially rated as susceptible), which had similar maturity group ratings, showed no significant differences in root length, surface area, volume, or average diameter when grown in the noninfested control pots. When either the taproot (inner core) or lateral roots (outer region) were inoculated with the pathogen, root length and surface area were significantly lower for Lewis 3552RR than for Lewis 3556STS. Lewis 3552RR had a significantly greater average root diameter than Lewis 3556STS when the inner core (taproot) was infested, but no differences in root diameter between cultivars were observed when the outer region was infested. Root volume was significantly lower for Lewis 3552RR than for Lewis 3556STS when the lateral roots (outer region) were infected, but both cultivars had a similar volume of roots when the inner core was infested. Trisoy 3687RR and Trisoy 3252 had similar root lengths, surface areas, and volumes in untreated control plants. Root length and surface areas were significantly lower for Trisoy 3687RR plants than for Trisoy 3252 when the inner core was infested. No significant difference in root length or surface area was observed between these cultivars when the lateral roots (outer region) were inoculated, although root volume for Trisoy 3687RR was significantly higher than for Trisoy 3252 when the lateral roots were inoculated. Pioneer Variety 9306 (commercially rated as resistant) and Pioneer Variety 9363 (commercially rated as susceptible) had similar root lengths, volumes, average diameters, and surface areas when grown in noninfested soil. Infection with the pathogen resulted in a decrease in root length and surface area relative to the control plants, but it was not significantly different between Pioneer cultivars. This was not the case for average root diameter, which was significantly smaller for Pioneer Variety 9363 than for Pioneer Variety 9306 when grown in pathogen-infested soil in either the inner core or outer region of the pot. In addition, when the outer region of the pot was infested with the pathogen, Pioneer Variety 9363 had a significantly lower volume of roots than Pioneer Variety 9306. We did not observe any consistent response to inoculation among the 12 cultivars that was specific to their commercially designated SDS resistance rating.
Testing for cross-contamination in soil. When the outer region of the pot was infested with F. solani f. sp. glycines, there was little or no movement of the pathogen from the outer region of soil into the noninfested inner core. No F. solani f. sp. glycines colonies were observed in soil sampled from noninfested outer regions on either sampling date, indicating that the pathogen did not move from the infested inner core outward. No colonies of F. solani f. sp. glycines were detected in soil sampled from the noninfested control treatment (data not presented).
Verification of fungal movement in root systems. When the inner core soil was infested with the fungus and the outer region contained noninfested soil, 84.4% of the upper taproot and 6.7% of the lateral root sections were colonized by F. solani f. sp. glycines. When soil in the outer region was infested and the inner core contained noninfested soil, colonization occurred on 91.8% of the taproot and 82.3% of the lateral root sections. No root sections from the control treatment were colonized by F. solani f. sp. glycines. Colonization levels of lateral root sections in the treatment where the inner core was infested were not significantly different (P ≥ 0.05) from colonization levels of lateral roots in the noninfested control treatment. Levels of taproot colonization in the inner core and outer region inoculation treatments were not significantly different (P ≥ 0.05).
DISCUSSION
The use of the inoculum placement assay allowed us to differentially infect portions of the soybean root system and determine that the location of pathogen infection in roots affected both root characteristics and SDS foliar symptom severity. For some cultivars, infection of the taproot resulted in significantly greater reductions in several root characteristics and significantly higher AUDPC values than did infection of lateral roots. How the location of the pathogen in roots affects disease development is not clearly understood, but it appears that for some related cultivars, lateral root infection causes the root system to respond differently than taproot infection.
In this study, all root characteristics, except average root diameter, were significantly lower for infected plants than for healthy plants. Reductions in root length also have been reported after root infection with F. solani on citrus (4), pea (14) , and soybean (19) . These results support the conclusion that root systems change after pathogen infection, and that this change a Foliar ratings were converted to percentages, using the midpoint rule, and the foliar severity value for each rating category was used to calculate AUDPC using:
in which X i = percent foliar symptom severity at the ith observation, t i = time (days between ratings) at the ith observation, and n = total number of observations (n = 5). b Results represent a combination of two trials. c Root discoloration was rated visually as the percentage of root system showing discoloration. d Inner core = pots with the inner 4-cm-diameter soil core infested with F. solani f. sp. glycines, and outer region filled with noninfested soil; outer region = pots with the outer region of soil infested, and the inner 4-cm-diameter core filled with noninfested soil. e P > |t| value for testing the hypothesis that the inner core and outer region areas are different. f LSD = Fisher's protected least significant difference. g n.s. = not significant at P ≥ 0.05. may play a role in disease development. Our correlation results indicate that root characteristics might have a role in SDS development. A significant negative correlation was observed between AUDPC and root length, surface area, and volume for all inoculated plants. To our knowledge, no previous studies have evaluated the effects of F. solani f. sp. glycines infection on root system characteristics such as surface area, length, volume, or average diameter; however, Rupe (24) reported a significant negative relationship between root mass and SDS foliar symptoms. Conversely, Scherm and Yang (28) reported "no close correlation" between disease severity of root systems and foliar disease severity. Additional research is needed to determine the correlation of SDS foliar symptoms with these root characteristics.
Our results verify that F. solani f. sp. glycines is able to spread from infected lateral roots inward to the taproot. This indicates that infection of the lateral roots may play a more important role in SDS development than previously thought. In contrast, SDS lesion expansion along the root was not always observed (10, 19) . Burke (2) reported that F. solani f. sp. phaseoli (Burk.) Snyder & Hans moved little from infected to noninfected parts of the roots or hypocotyls. Rupe (24) reported that root discoloration from F. solani f. sp. glycines spread on the taproot and up into the stem from the point of inoculation.
In the preliminary inoculum placement assay, where the inoculum rate was 80 ml of infested sorghum per 4.5 kg soil, we observed discoloration of roots grown in the treatment with noninfested ground sorghum in the outer region, indicating that the presence of sorghum alone was able to discolor the roots. Lowering the infested sorghum level to 40 ml per 4.5 kg of soil eliminated this problem.
We observed little or no passive movement of F. solani f. sp. glycines from infested to noninfested areas of the pots during the experiment. The lack of passive propagule movement was confirmed by the b Control = pots filled with noninfested soil; inner core = pots with the inner 4-cm-diameter soil core infested with F. solani f. sp. glycines, and outer region filled with noninfested soil; outer region = pots with the outer region of soil infested, and the inner 4-cm-diameter core filled with noninfested soil. c P > |t| value represents the significance between the two inoculated treatments. Root characteristics for control plants were significantly greater than for plants in the two infested treatments. d LSD = Fisher's protected least significant difference. e n.s. = not significant at P > 0.05. b Control = pots filled with noninfested soil; inner core = pots with the inner 4-cm-diameter soil core infested with F. solani f. sp. glycines, and outer region filled with noninfested soil; outer region = pots with the outer region of soil infested, and the inner 4-cm-diameter core filled with noninfested soil. c P > |t| value represents the significance between the two inoculated treatments. Root characteristics for control plants were significantly greater than for plants in the two infested treatments. d LSD = Fisher's protected least significant difference. e n.s. = not significant at P ≥ 0.05. soil isolation assay. We did not include plants in this study because we wanted to verify that there was no passive movement of propagules through the soil. If roots were present, movement of the pathogen could have been the result of growth on or within the root tissue. Similarly, Burke (2) found no spread of F. solani f. sp. phaseoli through soil as a result of capillary movement of water. Pathogen spread with water was mainly due to washing over the soil surface. In this study, propagule movement in this manner was prevented by placing a layer of pasteurized, noninfested soil over the layer of infested soil in each pot.
A significant positive correlation between AUDPC and percent root discoloration was observed only when the initial site of infection was on the lateral roots. Therefore, the location of pathogen infection could be important when attempting to correlate root responses to foliar symptoms, especially if inoculation results in a higher percentage of taproot infection. Based on our results, we agree with the conclusions of Njiti et al. (20) that root rot severity should be used in combination with foliar disease severity as an indication of host resistance or disease development. This would be especially important when developing methods of screening for resistance to SDS. In order to accomplish this, the screening assay must be able to differentiate among cultivars based on root rot severity ratings. In this study, significant differences among soybean cultivars for root discoloration were observed only when lateral roots were inoculated; infecting the taproot to observe differences among cultivars for foliar symptom severity did not result in differences in root discoloration. Gray and Achenbach (5) were able to detect varying amounts of root rot severity caused by different SDS fungal isolates when they uniformly infested soil, which resulted in equal infection of both the taproot and lateral roots. Additional information about root system responses to SDS may be obtained when entire root systems are infected as opposed to only the taproot.
Based on our results, we determined that root system characteristics could be affected by the location of infection on the root system, and that useful information about root system responses to SDS may be obtained from inoculation of the entire root system as opposed to only taproot inoculation. The use of one F. solani f. sp. glycines isolate in this study is a limitation that needs to be addressed with additional research. Variation among isolates of this pathogen is very common (23) , and it is possible that different results could have been obtained if additional isolates were used. This study was evaluated under greenhouse conditions using a steampasteurized soil mix. Future research should assess root characteristics and location of infection under field conditions to observe whether the presence of indigenous microorganisms might alter the relationship between the taproot and lateral root infection and SDS development.
